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iWKVLHYH
7KLV KRZHYHU JLYHV H[WUDZHLJKWDJH WR ODUJHU IUDJPHQWV DV WKLV YDOXH FDQ EH GHWHUPLQHG HYHQ E\ WKHPDWHULDO
FROOHFWHGRQWKHWRSWZRVLHYHV
)RU WKH SUHGLFWLRQ WKHPHDQ IUDJPHQW VL]H IURP WKH.X]±5DP .X]QHWVRY±5DPPOHU IRUPXODZDV XVHG VHH&
&XQQLQJKDPIRUGHWDLOV
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
7KHH[SHULPHQWDOUHVXOWVDOORZHGXVWRHVWDEOLVKUHODWLRQVEHWZHHQEODVWSDUDPHWHUVDQGIUDJPHQWDWLRQ3ODQQLQJDQG
SHUIRUPLQJ WKH W\SH RI WHVWV UHSRUWHG LQ WKLV VWXG\ KDV JLYHQ XV YDOXDEOH H[SHULHQFH IRU IXWXUH PRGHO EODVW
H[SHULPHQWV 7KH OLPHVWRQH PDWHULDO SURSHUWLHV QHHGHG IRU D VWDQGDUG FDVH FDQ EH OLPLWHG WR ORQJLWXGLQDO ZDYH
YHORFLW\ WUDQVYHUVDOZDYHYHORFLW\GHQVLW\FRPSUHVVLYHVWUHQJWK XQLD[LDO WHQVLOH VWUHQJWK %UD]LOLDQ WHVW DQG
VKHDUVWUHQJWK
7KHGLVFXVVLRQRIWKHUHVXOWVLVGLYLGHGLQWRWZRSDUWVIUDFWXUHDQDO\VLVDQGIUDJPHQWDWLRQVWXGLHV$QDWWHPSWZDV
PDGH WR H[SODLQ WKH IUDFWXUH FKDUDFWHULVWLFV VXFK DV RYHUEUHDN RYHUKDQJV DQG WRH LQ HDFK PRGHO DIWHU EODVW
DFFRUGLQJWRWKHPXWXDOSRVLWLRQRIWKHGHWRQDWRUZLWKUHVSHFWWRWKHMRLQWRULHQWDWLRQV
 
3.1. Models with Joint Orientation Į = 0° 
3.1.1. Position of the detonator at the top of the hole 
,QWKLVEODVWWKHZKROHEXUGHQSHUSHQGLFXODUWRWKHEODVWKROHD[LVZDVWKURZQRXWDQGDEHQFKFUDWHUZLWKDQJOH
RIEUHDNZDVIRUPHG$IWHUDVVHPEOLQJWKHEURNHQIUDJPHQWVVL[UDGLDOFUDFNVZHUHIRXQGDURXQGWKHEODVWKROH$
FLUFXPIHUHQWLDO FUDFNZDV DOVR QRWLFHG EHKLQG WKH QHZ IDFH 7KH UDGLDO FUDFNV FDQ EH H[SODLQHG DV WKH UHVXOW RI
WDQJHQWLDO WHQVLOH VWUDLQV DV LQWHUSUHWHG E\ 8 /DQJHIRUV DQG % $ .LKOVWU|P  ,W DSSHDUV WKDW WKH
FLUFXPIHUHQWLDO FUDFNV ZHUH FUHDWHG E\ WKH UDGLDO WHQVLOH VWUDLQV GHYHORSHG E\ WKH GLIIHUHQWLDO UDGLDO PRYHPHQWV
EHWZHHQWKHVODEV7KHQGVODEFRQWDLQLQJWKHH[SORVLYHFKDUJHPLJKWKDYHPRYHGPRUHWKDQWKHVWDQGUGVODEV
ZKLFKZHUHIL[HGE\DQDGKHVLYHWRWKHQGVODE
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
3.1.2. Position of the detonator at the center of the hole 
$VHPLFLUFXODUVKDSHRIEHQFKFUDWHUZDVIRUPHGZLWKODUJHRYHUEUHDNLQWKLVPRGHO(YHQWKRXJKWKHUDGLDOFUDFNV
DQGWKHFLUFXPIHUHQWLDOFUDFNREVHUYHGZHUHVLPLODUWRWKDWQRWLFHGLQWKHSRVLWLRQRIWKHGHWRQDWRUDWWKHWRSRIWKH
KROHWKHIUDFWXUHGURFNEHKLQGWKHIDFHZDVOLIWHGFUHDWLQJDODUJHRYHUEUHDN

3.1.3. Position of the detonator at the bottom of the hole 
7KH UDGLDO FUDFNV DQG WKH FLUFXPIHUHQWLDO FUDFN REVHUYHGZHUH VLPLODU WR WKRVH LQ WKH RWKHU KRUL]RQWDOO\ EHGGHG
PRGHOV7KHIUDFWXUHGIUDJPHQWVWKDWZHUHHQFRPSDVVHGE\WKHFLUFXPIHUHQWLDOFUDFNLQWKHQGVODEZHUHOHIWLQWDFW
DQGDVWHSSHGEHQFKFUDWHUZDVIRUPHG$VWKHFKDUJHLQWKHWKUHHKRUL]RQWDOO\EHGGHGPRGHOVZDVSODFHGLQWKHQG
VODEWKHEXUGHQLQWKHQGVODEZDVIRXQGWREHIUDJPHQWHGEHWWHUWKDQWKHEXUGHQLQWKHUGVODE

3.2. Models with Joint Orientation Į = 30° 
3.2.1. Position of the detonator at the top of the hole 
$VPDOOEHQFKFUDWHUZLWKDQJOHRIEUHDNZDVFUHDWHGLQWKHPRGHO7KLQIODN\IUDJPHQWVZHUHREWDLQHGIURP
WKHQGVODESUREDEO\GXHWRVSDOOLQJ7KHVL]HRIWKHEHQFKFUDWHUZDVVPDOOEHFDXVHPRVWRIWKHHQHUJ\PLJKWKDYH
EHHQORVWWKURXJKWKHMRLQWV

3.2.2. Position of the detonator at the center of the hole 
7KH EHQFK FUDWHU IRUPHG LQ WKLV EODVW KDV JRW VHYHUH WRHV DQG EDFN EUHDNV $V WKH FKDUJH LQ WKLV PRGHO ZDV
LQWHUVHFWHGE\WKHMRLQW WKHJDVHVPLJKWKDYHHVFDSHGDQGOHIWDPDMRUSRUWLRQRI WKHQGVODEDV WRH7KHXSZDUG
SUHVVXUHH[HUWHGE\WKHH[SDQVLRQRIWKHJDVHVPLJKWKDYHGHYHORSHGWKHEDFNEUHDNVZKHUHDVWKHZHGJLQJDFWLRQRI
WKHJDVHVFUHDWHGDFDYLW\QHDUWKHMRLQW7KHIODN\IUDJPHQWVREWDLQHGIURPWKHQGVODEUHYHDOWKHVSDOOLQJHIIHFW

3.2.3. Position of the detonator at the bottom of the hole 
7KHIUDFWXUHSDWWHUQDQGWKHEHQFKFUDWHUREVHUYHGLQWKLVPRGHOZHUHVLPLODUWRWKDWREVHUYHGLQWKHPRGHOZLWKWKH
GHWRQDWRUDWWKHFHQWHURIWKHKROHEXWZLWKPRUHVHYHUHWRHDQGRYHUKDQJV7KHQGVODEFRPSOHWHO\UHPDLQHGDVWRH
DQGEDFNEUHDNVZHUHPRUHLQWKLVPRGHOEHFDXVHWKHFKDUJHZDVORFDWHGRQO\LQWKHUGVODE

3.3. Models with Joint Orientation Į = 60° 
3.3.1. Position of the detonator at the top of the hole 
,QWKLVEODVWWKHFRPSOHWHEXUGHQSHUSHQGLFXODUWRWKHEODVWKROHD[LVZDVWKURZQRXWDQGDEHQFKFUDWHUZLWK
DQJOHRIEUHDNZDVIRUPHG)LYHV\PPHWULFDOO\ORFDWHGUDGLDOFUDFNVH[WHQGHGEH\RQGWKHQHZIDFHDVEDFNEUHDNV
7KHFUDFNVWKDWZHUHREVHUYHGSDUDOOHOWRWKHFUHVWOLQHLQWKHQGVODEZDVIRXQGWREHPRUHQXPHURXVWKDQLQWKHUG
VODEEHFDXVHWKHIXOOH[SORVLYHFKDUJHZDVSODFHGLQWKHQGVODE

3.3.2. Position of the detonator at the center of the hole 
7KHVKDSHRIWKHEHQFKFUDWHUQRWLFHGLQWKLVEODVWZDVVLPLODUWRWKDWREVHUYHGLQWKHPRGHOZLWKWKHGHWRQDWRUDWWKH
WRSRI WKHKROH EXWZLWK VHYHUH WRH DQG IHZHUEDFNEUHDNV7KH IUDFWXUHSDWWHUQ REVHUYHG DIWHU UHDVVHPEOLQJ WKH
EURNHQIUDJPHQWVUHYHDOHGWKHFDQWLOHYHUEHQGLQJDFWLRQDQGUDGLDOIUDFWXULQJLQWKH
QGVODE7KHGHJUHHRIIUDJPHQWDWLRQLQWKLVPRGHOZDVOHVVEHFDXVHRIWKHORVVRIHQHUJ\GXHWRWKHLQWHUVHFWLRQRI
WKHH[SORVLYHFKDUJHE\WKHMRLQW

3.3.3. Position of the detonator at the bottom of the hole 
$WWKHEHQFKFUDWHUIRUPHGLQWKLVPRGHOWKHEODVWZDVVLPLODUWRWKDWREVHUYHGLQWKHPRGHOZLWKWKHGHWRQDWRUDW
WKHFHQWHURIWKHKROH$VWKHFKDUJHZDVGLVWULEXWHGRQO\LQWKHUGVODEWKHUHZDVOLWWOHHQHUJ\WUDQVIHUWRWKHQG
VODE7KDWLVZK\PRVWRIWKHFRDUVHIUDJPHQWVZHUHREWDLQHGIURPWKHQGVODE

3.4. Models with Joint Orientation Į = 90° 
3.4.1. Position of the detonator at the top of the hole 
7KHEODVWLQWKLVPRGHOFUHDWHGDZLGHFUDWHUZLWKOLWWOHWRH7KHIUDFWXUHSDWWHUQQRWLFHGDIWHUWKHUHDUUDQJHPHQWRI
WKHEURNHQ IUDJPHQWV UHYHDOHG WKHFRPELQHGDFWLRQRIEHQGLQJ VSDOOLQJDQG UDGLDO IUDFWXULQJ$V WKHFKDUJHZDV
SODFHGDWWKH,,MRLQWWKHJDVHVWULHGWRVHSDUDWHWKH,,MRLQWDQGWKXVGHYHORSHGDFDYLW\
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3.4.2. Position of the detonator at the center of the hole 
7KHEHQFKFUDWHULQWKLVPRGHOZDVQRWXQLIRUPDQGKDGVHYHUHWRH7KHWUDQVPLVVLRQRIWKHH[SORVLYHHQHUJ\WRWKH
QGVODEZDVSRRULQWKLVPRGHOEHFDXVHWKHFKDUJHZDVSODFHGLQWKHUGVODE7KDWLVZK\WKHQGVODEZDVSDUWLDOO\
IUDFWXUHG DQG UHPDLQHG DV WRH )UDFWXUH SDWWHUQ REVHUYHG DIWHU UHDVVHPEOLQJ WKH EURNHQ IUDJPHQWV LQGLFDWHG
FDQWLOHYHUEHQGLQJDFWLRQLQWKHQGVODE

3.4.3. Position of the detonator at the bottom of the hole 
7KH VKDSHRI WKHFUDWHUREVHUYHGDWERWWRPSRVLWLRQRI WKHGHWRQDWRU LQ WKHKROHZDV VLPLODU WR WKDWGHYHORSHGDW
FHQWUDOSRVLWLRQRIWKHGHWRQDWRU$VWKHFKDUJHZDVSODFHGLQWKHFHQWHURIWKHUGVODEWKHVWUHVVZDYHUHIOHFWHGEDFN
IURPWKH,,DQG,,,MRLQWVDQGVHYHUHO\IUDFWXUHGWKHUGVODEE\LQWHUQDOVSDOOLQJ7KHIUDJPHQWVFROOHFWHGIURPWKHUG
VODELQGLFDWHGLQWHUQDOVSDOOLQJHIIHFW7KHIUDFWXUHVQRWLFHGDIWHUUHDUUDQJLQJWKHEURNHQIUDJPHQWVGHPRQVWUDWHWKH
EHQGLQJDFWLRQLQWKHQGVODE7KHEDFNEUHDNVZHUHVHYHUHSUREDEO\GXHWRWKHVPDOOHUHQHUJ\ORVV

3.5. Models with Joint Orientation Į = 120° 
3.5.1. Position of the detonator at the top of the hole 
,QWKLVPRGHOWKHZLGWKDQGWKHDQJOHRIEUHDNDJHRIWKHFUDWHUDWWKHIDFHZDVOHVVWKDQWKRVHEHKLQGWKHEODVWKROH
$ODUJHRYHUEUHDNDUHDH[WHQGHGXSWR,,MRLQW7KHIUDFWXUHGIUDJPHQWVDW WKHERWWRPRIWKHUGVODEGLGQRWPRYH
DQGUHPDLQHGLQSRVLWLRQDVWRH6RPHEURNHQIUDJPHQWVLQWKHUGVODEZHUHOHIWDVRYHUKDQJV$VWKHFKDUJHZDV
SODFHGLQWKHUGVODEWKHVWUHVVZDYHVUHIOHFWHGIURPWKH,DQG,,MRLQWVIUDFWXUHGWKHUGVODEVHYHUHO\UHVXOWLQJLQ
ODUJHRYHUEUHDN7KDWLVZK\WKHFRDUVHIUDJPHQWVZHUHREVHUYHGIURPWKHQGVODE7KHWRHDQGWKHRYHUKDQJVZHUH
SUREDEO\GXHWRWKHUHVLVWDQFHRIIHUHGE\WKHQGVODE

3.5.2. Position of the detonator at the center of the hole 
7KHVKDSHRIWKHEHQFKFUDWHUREVHUYHGLQWKLVEODVWZDVVLPLODUWRWKDWQRWLFHGLQWKHPRGHOZLWKWKHGHWRQDWRUDWWKH
WRSRI WKH KROH EXW WKH EXUGHQ SRUWLRQ RI WKH UG VODE GLG QRWPRYH DQG UHPDLQHG DV WRH0RVW RI WKH H[SORVLYH
HQHUJ\VHHPVWRKDYHEHHQORVWEHFDXVHWKHFKDUJHLQWKLVPRGHOZDVSODFHGQHDUWKH,,MRLQW7KHUGVODEUHPDLQHG
DVWRHEHFDXVHRIWKHUHVLVWDQFHRIIHUHGE\WKHQGVODEDQGDVHYHUHORVVRIHQHUJ\$GHSUHVVLRQRQWKHXQPRYHG
SRUWLRQRI WKHUGVODEi.e. OHIWDV WRHGHSLFWV WKH LQWHUQDOVSDOOLQJHIIHFWGXH WR WKHUHIOHFWLRQRIVWUHVVZDYHE\,
MRLQW7KHIUDFWXUHVREVHUYHGDIWHUWKHUHDUUDQJHPHQWRIWKHEURNHQIUDJPHQWVDUHVLPLODUWRWKHIOH[XUDOIUDFWXUHVRI
DEHDP

3.5.3. Position of the detonator at the bottom of the hole 
7KHEHQFKFUDWHUREVHUYHGLQWKLVPRGHOZDVVLPLODUWRWKDWREVHUYHGLQWKHPRGHOZLWKWKHGHWRQDWRUDWWKHFHQWHURI
WKH KROH 7KH RYHUEUHDN LQ WKLV PRGHO H[WHQGHG HYHQ WR WKH WK VODE GXH WR WKH FKDUJH FRQWDLQHG LQ LW 7KH
UHDUUDQJHPHQWRIWKHIUDJPHQWVUHYHDOVWKHEHQGLQJDFWLRQRIDEHDPVLPLODUWRWKDWREVHUYHGDWFHQWUDOSRVLWLRQRI
WKHGHWRQDWRULQWKHKROH

3.6. Models with Joint Orientation Į = 150° 
3.6.1. Position of the detonator at the top of the hole 
$VPDOOEHQFKFUDWHUZLWKVHYHUHRYHUKDQJVDQGOLWWOHRYHUEUHDNZDVIRUPHGLQWKLVEODVW,WDSSHDUVWKDWPRVWRIWKH
H[SORVLYH HQHUJ\ ZDV ORVW EHFDXVH WKH FKDUJH ZDV SODFHG QHDU WKH ,, MRLQW 7KH QG VODE ZDV FRDUVHO\ IUDFWXUHG
EHFDXVHRIWKHDEVRUSWLRQRIVWUHVVZDYHVE\,DQG,,,MRLQWV

3.6.2. Position of the detonator at the center of the hole 
$FUDWHUZLWK ODUJHRYHUEUHDNDQGDQHZ LQFOLQHG IDFHZDVGHYHORSHG LQ WKLVEODVW2EVHUYLQJ WKHSRVLWLRQRI WKH
FKDUJHLWFDQEHH[SODLQHGWKDWWKHJDVHVLQWKLVEODVWKDYHDFWHGDORQJWKH,,MRLQWDQGIUDFWXUHGWKHQGDQGUGVODEV
E\IOH[XUH7KHIUDFWXUHVREVHUYHGDIWHUWKHUHDUUDQJHPHQWRIWKHEURNHQIUDJPHQWVLQGLFDWHGWKHEHQGLQJDFWLRQLQ
WKHQGVODE

3.6.3. Position of the detonator at the bottom of the hole 
$VWKHFKDUJHLQWKLVPRGHOZDVSODFHGLQWKHWKVODEDQGQHDUWKH,,,MRLQWWKHJDVHVFRXOGQRWVHSDUDWHWKH,,MRLQW
7KDWLVZK\WKHRYHUEUHDNIRUPHGLQWKLVPRGHOZDVOHVVWKDQWKDWREVHUYHGLQWKHPRGHOZLWKFHQWUDOSRVLWLRQRIWKH
GHWRQDWRULQWKHKROH7KHIUDFWXUHVWXG\DIWHUUHDVVHPEOLQJWKHIUDJPHQWVVKRZHGWKDWWKHEXUGHQPLJKWKDYHEHHQ
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IUDFWXUHGE\EHQGLQJ7KH UHVXOWVRI H[SHULPHQWVKDYH DOORZHGHVWDEOLVKLQJ DQXPEHURIGHSHQGHQFHV FRQQHFWLQJ
H[SORVLYHHIILFLHQF\ZLWKMRLQWVGLUHFWLRQLQWKHURFNPDVVDQGRWKHUPRGHOFRQGLWLRQV)LJXUHVDQG$QGWKH
UHVXOWVDUHVXPPDUL]HGLQ7DEOHVDQG

7DEOH5HVXOWRIWKHWHVWVIRUYHUWLFDOKROHDQGGHWRQDWRUDWWKHWRSRIWKHKROH

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&RQFOXVLRQV

7KHZHDNQHVVSODQHVMRLQWVFDQGHSHQGLQJRQWKHLUGLUHFWLRQDQGRWKHUSURSHUWLHVDWWHQXDWH WKHVWUHVVZDYHDQG
WKH JURZLQJ RI UDGLDO FUDFNV GXULQJ EODVWLQJ 8VXDOO\ WKH\ DOVR GHFUHDVH WKH VWUHQJWK RI WKH URFN DQG PDNH LW
GLIILFXOWIRUFUDFNVWRSDVVDFURVVWKHPDQGWKHUHIRUHWKHFUXVKHG]RQHDURXQGWKHEODVWKROHLVUHGXFHG3RVLWLRQLQJ
WKHGHWRQDWRUDWWKHFHQWHURIWKHYHUWLFDOKROHJDYHEHVWUHVXOWVIRUGLIIHUHQWMRLQWGLUHFWLRQV)DLUDJUHHPHQWKDVEHHQ
REWDLQHGEHWZHHQ WKHUHVXOWVRI IUDJPHQWDWLRQ IURPVPDOO VFDOHEODVWLQJDQG WKH.X]±5DP .X]QHWVRY±5DPPOHU
PRGHO 
)RUIXWXUHPRGHOH[SHULPHQWVGHWHUPLQDWLRQRIWKHOLPHVWRQHPDWHULDOSURSHUWLHVFDQIRUDVWDQGDUGFDVHEHOLPLWHG
WRPHDVXUHPHQWVRIORQJLWXGLQDOZDYHYHORFLW\WUDQVYHUVDOZDYHYHORFLW\GHQVLW\FRPSUHVVLYHVWUHQJWK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DQGWHQVLOHVWUHQJWK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7KHVHSURSHUWLHVGHVFULEHURFNVIRUWKHSXUSRVHVRIJURXQGSUHSDUDWLRQDQGJLYH
YDOXDEOHLQIRUPDWLRQLQEHQFKEODVWLQJ)RUH[DPSOHWKHWHQVLOHVWUHQJWKWHVWLVQHFHVVDU\LQEHQFKEODVWLQJEHFDXVH
WKHPDLQSDUWRIWKHPDWHULDOLVEURNHQLQWHQVLRQ
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